Lead (Pb), a ubiquitous heavy metal and a known neurotoxicant, produces adverse effects on the brain via increased production of reactive oxygen species (ROS) and causes oxidative stress. In this study we examined the neuroprotective effects of the ethanolic extract of Nigella sativa L. seeds on Pb induced oxidative stress in the developing brain of mice. Mouse pups were exposed to low (0.1%) and high (0.2%) doses of Pb from the first day of pregnancy through their mothers (via drinking water) and lactation until post-natal day (PND) 21. The mRNA expression levels of superoxide dismutase (SOD1), peroxiredoxin (Prdx6), amyloid precursor protein (APP) common, APP695 and APP770 were examined in the cortex and hippocampus of the mouse brain excised on PND 21 by semi-quantitative RT-PCR. The free radical scavenging activity of ethanolic Nigella sativa L. extract was assessed by DPPH assay. The results showed that Pb exposure caused a significant decrease in the expression of SOD1, Prdx6 and APP695 and an increase in APP770 in both cortex and hippocampus in a dose dependent manner as compared to the control group.
Introduction
Lead (Pb) is known as a potent environmental toxicant, affecting nearly every organ system of the human body particularly the developing brain, and hematopoietic, hepatic and renal systems. 1 Pb has no apparent biological function in the human body, however, it continues to find its way into the body's interior and can be potent enough to cause disorder in the CNS and induce early brain aging. 2 Oxidative stress is one of the major pathological and toxicological manifestations caused by Pb as it has the ability to bind to sulfhydryl groups present in the cysteine residues of antioxidant enzymes, causing conformational changes which results in their functional inactivation. 3 Pb toxicity also results in lipid peroxidation and oxidation of hemoglobin, nucleic acids and proteins. 4 All of these events make the cell extremely vulnerable and may lead to cell death or apoptosis.
Accumulating evidence from clinical and animal studies suggests that certain incidences in early life can manifest into many pathological conditions in the later stages of life. 5, 6 Infections in neonates can induce memory impairments in adults as suggested in schizophrenia. 7 Moreover, exposure to Pb-contaminated drinking water results in fetal death and reduced birth rates. 8 It is also associated with decline in IQ in children and various adverse behavioural effects. 9, 10 Pb exposure also contributes towards attention deficit hyperactivity disorder (ADHD) and aplastic anaemia in children. 11, 12 Disturbances of posture in children are also prominent effects of Pb on the CNS even at very low Pb exposure. 13 Pb exposure also has deleterious effects on children's postnatal neurocognitive development. 14 In early life, Pb may precondition the brain for developing neurodegenerative diseases by elevating the Aβ aggregates in the brain resulting in † Electronic supplementary information (ESI) available. See DOI: 10.1039/ c7tx00201g a Neurobiology Research Laboratory, Department of Healthcare Biotechnology, Atta-ur-Rahman School of Applied Biosciences, National University of Sciences and Technology, Islamabad, Pakistan. E-mail: saadiazahid@hotmail.com, saadia.zahid@asab.nust.edu.pk; Tel: +92-51-90856134 b Alzheimer's disease (AD). 15, 16 Pb exposure significantly induces amyloidogenesis, senile plaque formation and protein alterations and thus, contributes to a disturbed amyloid processing pathway. 17 Nigella sativa L. (commonly known as Black seed), belongs to the Ranunculaceae family native to Southwest of Asia, 18 possessing several therapeutic effects including, antibacterial, 19 anti-inflammatory 20 and antioxidant properties. 21, 22 The present study focuses on the potential pathological role of the heavy metal Pb in inducing oxidative stress in mouse pups and explores the effective properties of the medicinal herb Nigella sativa L.. The present research work is an initiative to provide preliminary data on Pb-induced toxicity in the CNS during development and early life and the potential therapeutic benefits of a commonly used medicinal herb to combat neurotoxicity.
Materials and methods

Chemicals
Lead acetate trihydrate (Pb(CH 3 CO 2 ) 2 ·3H 2 O) was obtained from Merck (USA). Reverse transcriptase (RT), deoxynucleotide triphosphate (dNTPs) and Taq polymerase were obtained from Fermentas (Thermo Scientific, USA). 2,2-Diphenyl-1-picrylhydrazyl (DPPH; product code: 101087701) and electrophoresis chemicals were obtained from Sigma-Aldrich, unless noted otherwise. All chemicals were freshly prepared on the day of experiment to achieve maximum results.
Plant material and extraction
Dried Nigella sativa L. seeds were procured from a local spice market in Rawalpindi, Pakistan. The extract was prepared using Nigella sativa L. seeds (500 g) ground into fine powder and sieved with a 80 mesh sieve. The fine powder (10 g) was loaded into the main chamber of a Soxhlet extractor with distillation flasks containing 100% ethanol. Reduced pressure was maintained at 55°C to concentrate the resulting extract by using a rotatory evaporator (R200 rotavapour Buchii) to remove the remaining traces of solvent. The dried extract was collected and stored at 4°C until further use.
Proton nuclear magnetic resonance ( 1 H-NMR) spectroscopic analysis
The 1 H NMR spectra of Nigella sativa L. crude extract were recorded on a Bruker Avance III 500 MHz spectrometer. The chemical shifts (δ) were reported in ppm, while tetramethylsilane (TMS) is used as an internal reference standard during analysis of some samples.
In vitro assay for DPPH free radical scavenging activity
In order to assess the free radical quenching activity of Nigella sativa L. seed extract, the experimental procedure for 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging activity was performed according to the protocol described by Singh et al., 23 with minor modifications. Briefly, 0.4 mL of DPPH methanolic solu-tion (0.1 mM) was added to 1 mL Nigella sativa L. seed extract and standards (ascorbic acid and gallic acid) of different concentrations ranging from 1000 µg ml −1 to 0.001 µg ml −1 , respectively. The absorbance was measured at 517 nm after 30 min of reaction using an OPTIMA SP-300 spectrophotometer. The % antioxidant activity (%AA) was calculated according to the following equation: % DPPH scavenging activity = 100(control absorbance − sample absorbance/control absorbance). 
Animals
Experimental design
In this study 4 timely pregnant female mice were included in each experimental group (10 groups). Mice were kept in a ratio of 1 : 4 males and females, respectively, and females showing vaginal plugs were separated into the control and Pb-treated groups. Pb exposure doses of 0.1% and 0.2%, as described, 24, 25 were administered via drinking water. Pb exposure lasted for 42 days commencing from the first day of gestation until postnatal day (PND) 21. A total of eight male and eight female pups were randomly selected for studying the Pb-induced neurotoxicity and effects of Nigella sativa L.
Nigella sativa L. extract was given at a low dose of 250 mg kg −1 (ref. 26 ) and high dose of 500 mg kg −1 (ref. 27 ) mixed with normal feed. The control mice (Group 1) were only given deionized water and normal feed. Groups 2 and 3 were given deionized water and 500 mg kg −1 and 250 mg kg −1 Nigella sativa L. extract, while Groups 4 and 5 were exposed to 0.1% and 0.2% Pb and normal feed, respectively, for 42 days. For Groups 6-9, exposure to 0.1% and 0.2% Pb was continued for 42 days while the administration of 500 mg kg −1 and 250 mg kg −1 Nigella sativa L. extract was started after parturition until PND 21, respectively. The prophylactic group (Group 9) was given 500 mg kg −1 Nigella sativa L. extract for the first 21 days ( pre-natal) followed by administration of 0.2% Pb in distilled water for 21 days (PND 21). The detailed study design is provided in Table 1 .
Gene expression studies
The animals in all groups were sacrificed after 24 hours of the completion of treatment. All mice were anesthetized and euthanized by cervical dislocation and the brain regions (cortex and hippocampus) were dissected out immediately and snap frozen in liquid nitrogen. RNA extraction was carried out according to the manufacturer's protocol using Tri-reagent. Qualitative assessment was performed by running RNA samples on 2% agarose gel, visualized by using a Dolphin-Doc imaging system (Wealtec Corp., USA). Extracted RNA was quantified using a BioPhotometer plus (Eppendorf, Germany) and an equal quantity of RNA (200 µg L −1 ) was used to reverse transcribe into cDNA (60 μL). PCR reactions were performed using a Swift Maxi Thermal Cycler Block ESCO, Singapore. The thermocycling conditions were 95°C for 5 min followed by 95°C for 30 s. The annealing temperature was set differently for each gene (β-actin, 55°C; APP Common, 55°C; APP695, 60°C; APP770, 60°C; SOD1, 58°C and Prdx6, 60°C). Then 35 cycles at 72°C for 30 s and the final extension at 72°C for 10 min were performed. β-Actin gene, used as an internal control was amplified with a specific primer pair (5′-GCCTTCCTTCTT GGGTATGG-3′/5′-C AGCTCAGTAACAGTCCGC-3′). The specific primer sequences of APP Common, APP695, APP770, SOD1 and Prdx6 are listed in Table 2 .
The PCR products were separated on 3% agarose gel and visualized by using a Dolphin-Doc imaging system (Wealtec Corp., USA). The expression of the PCR products was analyzed by measuring the density in terms of minimum and maximum grey values. The density of each band was then normalized with the respective β-actin band and the expression was measured by dividing the desired gene density with β-actin and the results are presented as expression graphs.
Histological assessment
Heart perfusion was performed in accordance with the protocol of Gage et al. 28 Tissue sections (4 µm) were deparaffinized in xylene for 10 min before being rehydrated in 70% isopropanol (10 min), and washed with ddH 2 O (5 min). Cresyl violet stain was poured over the tissue sections and left for 4 min. The sections were then washed with ddH 2 O and 70% acid alcohol (2 min) and later dried for 2 h and mounted with cover slips. The sections were visualized using an inverted microscope at 10× and 40× resolutions; the images were captured using Pixel Pro™ image analysis software (Labomed, USA). Table 1 Dose and administration of Pb and Nigella sativa L. extract: all the experimental animal groups included in this study have 4 pregnant females at the initiation of the experiments. Treatment of Pb and Nigella sativa L. seed extract lasted for a total duration of 42 days starting from the first gestation day until postnatal day 21. The pups were exposed to Pb and Nigella sativa L. seed extract through their mothers ( pre-natal) and lactation until PND 21 
Gene
Forward primer Reverse primer
5′-GATGAGGATGTGGAGGATGG-3′ 5′-GCTGCTGTCGTGGGAACTC-3′
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Statistical analysis
Statistical analyses of the data were performed using a one-way analysis of variance (ANOVA) using GraphPad Prism 5.0. The data were represented as mean ± SEM with a 95% confidence interval. A p-value <0.05 was considered statistically significant.
Results
Free radical scavenging activity of Nigella sativa L. seed extract
The free radical quenching activity of the ethanolic extract of Nigella sativa L. seed and standards was measured by DPPH assay. The results demonstrated that Nigella sativa L. seed extract substantially inhibits free radicals in a dose dependent manner. The results were consistent with standard antioxidants: gallic acid and ascorbic acid (ESI Fig. 1 †) .
H NMR investigation of Nigella sativa L. seed extract
The 1 H NMR spectrum of Nigella sativa extract indicated the abundant presence of quinones, mainly thymoquinone and dihydroxythymoquinone. Quercetin and kaempferol which are important constituents of flavonoids, serpentine (an alkaloid) and coumarins were also identified ( Fig. 1 and Table 3 ).
Histological examination of brain regional tissues
The histological assessment of the brain regional sections showed marked differences in the density of Nissl bodies among different experimental groups. The qualitative analysis of slides from cortex tissues showed that in the Pb-treated groups (0.1% Pb, 0.2% Pb) the cell density was notably reduced as compared to the healthy control group. However, in the 0.1% Pb + 250 mg and 500 mg Nigella sativa L.-treated groups, the cell density was improved due to the administration of Nigella sativa L. seed extract which may have enhanced the cell viability in Pb toxicity. Similar results were observed in the 0.2% Pb + 250 mg and 500 mg Nigella sativa L. seed extract-treated groups. The cortex tissues of the 250 mg and 500 mg Nigella sativa L.-treated groups were the same as the healthy control group (Fig. 2) . 
Effects of Pb and Nigella sativa L. seed extract on antioxidant enzymes
Pb treatment also resulted in a decreased expression of SOD1 observed in the 0.1% (0.26 ± 0.04 in the cortex and 0.28 ± 0.03 in the hippocampus) and 0.2% (0.22 ± 0.03 in the cortex and 0.22 ± 0.004 in the hippocampus) Pb-treated groups as compared to the control group (0.58 ± 0.01), whereas a significant increase in the expression was evident due to the co-administration of Nigella sativa L. seed extract (0.33 ± 0.002 in the cortex and in the hippocampus). No significant change in SOD1 expression was observed in the groups treated with Nigella sativa L. seed extract only. The prophylactic group showed a similar expression (0.51 ± 0.02 in the cortex and 0.52 ± 0.005 in the hippocampus) as observed in the control group.
Promising observations were also made for the Prdx6 expression, which was significantly decreased in the 0.1% (0.37 ± 0.01 in the cortex and 0.29 ± 0.01 in the hippocampus), and 0.2% (0.24 ± 0.01 in the cortex and 0.20 ± 0.006 in the hippocampus) Pb-treated groups as compared to the control group (0.63 ± 0.022). There was a significant increase in the expression of Prdx6 by co-administration of Nigella sativa L. seed extract as compared to the 0.1% (0.37 ± 0.01 in the cortex and 0.29 ± 0.01 in the hippocampus) and 0.2% Pb-treated groups (0.24 ± 0.01 in the cortex and 0.22 ± 0.06 in the hippocampus), and ultimately normalized similarly to the control group (0.58 ± 0.01). However, there was no difference in the expression of Prdx6 observed in the Nigella sativa L. seed extract only treated groups. The prophylactic group showed a similar expression to the control group (Fig. 3) .
The effect of Pb and Nigella sativa L. seed extract on the gene expression of APP isoforms
Gene expression analysis of APP isoforms (APP Common, APP770, and APP695) was also performed by semi-quantitative PCR. The results demonstrated no marked difference in the expression level of APP common among all the groups, both in the cortex and the hippocampus (Fig. 4a and b) .
A significant increase in the expression of APP770 was observed in both the cortex and hippocampus of mice treated with 0.1% Pb (0.72 ± 0.01 in the cortex and 0.74 ± 0.04 in the hippocampus) and 0.2% Pb (0.82 ± 0.06 in the cortex and 0.80 ± 0.06 in the hippocampus) as compared to the control group (0.44 ± 0.01), whereas no significant difference was observed among the groups treated with Nigella sativa L. seed extract (250 mg kg −1 and 500 mg kg −1 ) and the control group. Interestingly, a significant decrease was observed after coadministration of 250 mg and 500 mg Nigella sativa L. seed extract in the 0.1% Pb (0.55 ± 0.04 in the cortex and 0.57 ± 0.01 in the hippocampus) and 0.2% Pb (0.50 ± 0.008 in the cortex and 0.58 ± 0.012 in the hippocampus) treated groups. The prophylactic group showed a slightly increased expression of APP as compared to the control group, however, it was markedly lower than the APP770 expression observed in the Pb-treated groups (0.54 ± 0.016 in the cortex and 0.54 ± 0.02 in the hippocampus) ( Fig. 4c and d) .
In both the cortex and hippocampus, the expression of APP695 was significantly ( p < 0.01) decreased in the 0.1% Pb (0.35 ± 0.03 in the cortex and 0.36 ± 0.014 in the hippocampus) and 0.2% Pb treated groups (0.30 ± 0.03 in the cortex and 0.33 ± 0.007 in the hippocampus) in comparison with the control group (0.60 ± 0.01). However, the co-administration of Nigella 
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Toxicol. Res., 2018, 7, 32-40 | 37 sativa L. seed extract (250 mg kg −1 and 500 mg kg −1 ) showed a substantial increase in its expression level. A similar expression was also observed for the groups treated with 250 mg and 500 mg Nigella sativa L. seed extract as compared to the control group. The prophylactic group also showed a gradual increasing trend in the expression of APP695 ( Fig. 4e and f ). These observations have indicated the significant potential of Nigella sativa L. seed extract for stabilizing APP695 expression.
Discussion
The present study aimed to evaluate the toxicological and protective effects of Pb and Nigella sativa L., respectively. The free radical scavenging activity of Nigella sativa L. seed extract indicated its strong antioxidant potential which is equivalent to vitamin C, used as a control. Drastic histopathological modifications with a decreased number of cells and the absence of Nissl bodies in the Pb-treated groups revealed the deleterious effects of Pb on the brain during its development. However, the Pb groups treated with Nigella sativa L. seed extract showed more Nissl bodies, indicative of cell survival in these groups. Thus, these results prove the strong ability of Nigella sativa L. for reducing the Pb-induced toxicity and improving cell survival.
Our findings indicated that Pb exposure (0.1% and 0.2%) resulted in a notable downregulation in the expression of SOD1 in both the hippocampus and the cortex as compared to the control group. Pb increases the amount of free radicals which may lead to reduced activity and expression of SOD1. 29 For brain development, the first 21 days after birth is the most critical period as the nervous system is prone to deleterious effects of heavy metals including Pb. 30 The ethanolic Nigella sativa L. seed extract dietary supplementation helped in combating the oxidative damage and significantly enhanced the expression of SOD1. Interestingly, varied effects of Pb exposure on SOD1 were reported. The study by Moreira et al. 31 reported the downregulation of SOD1 activity, while Soltaninejad et al. 32 and Kim et al. 33 reported a significant increase in SOD1 expression. However, these variations can be associated with the difference in the dosage and duration of Pb exposure. The reduced expression of SOD1 has also been linked to an early form of dementia enhanced accumulation of amyloid plaques and tau phosphorylation. 34, 35 Prdx6, another important cytosolic member of mammalian antioxidant defense systems, plays an important role in degrading H 2 O 2 and other peroxides by using thiol groups of their cysteines as catalytically active centers. 36 The downregulation of Prdx6 as observed in the current study is associated with the development of various pathological consequences including oxidative stress. 37 Prdx6 is extensively involved in the healing of damaged skin by protecting blood vessels, during development 38, 39 and plays an important role in protection against oxidative damage-induced cataract formation, 40 atherosclerosis, 41 and parkinsonian dementia. 42 Remarkably, the Pb exposure (0.1% and 0.2% Pb-treated groups) caused the downregulation of Prdx6 in a dose dependent manner. However, the significant upregulation in the expression of Prdx6 can be attributed to the antioxidant potential of Nigella sativa L., which reduces the ROS burden via quenching the free radicals.
Exposure to Pb during the early stages of growth and development induces alterations in gene expression in the brain. 43 It also facilitates Aβ fibril formation and contributes to the accumulation of amyloid plaques. 44 Therefore, the present study also elucidated the perturbations in the gene expression and transcript processing of APP due to Pb exposure during early development in mice. Moreover, we also assessed the potential of Nigella sativa L. extract to reverse these developmental changes. Our results indicated that Pb exposure causes significant changes in the expression of the APP isoforms during early life exposure and affects the NMDAR number in brain tissues. 45 Enhanced NMDAR activation can cause transcriptional changes at the baseline. It can shift the expression of APP deficient KPI to KPI containing APP in the neuronal cells which results in altered expression and accumulation of Aβ. 46, 47 Relative expression analysis of APP770 in the hippocampus and the cortex which is a KPI containing APP, showed enhanced expression in Pb (0.1% and 0.2% Pbtreated groups) as compared to the control group. However, this trend was rerouted towards normal expression of APP770 in the Nigella sativa L. treated groups and was comparable to the control group. Pb competes and replaces calcium in cells thereby reducing the activity of enzymes and pathways associated with calcium signaling. 48, 49 Hence it is proposed that Nigella sativa L. may exert its effects via regulation of calcium signaling pathways or by reducing the activation of NMDAR.
Moreover, the reduced level of App695 (KPI deficient APP) in the Pb exposed pups (0.1% and 0.2% Pb treated groups) also suggested that the Pb exposure may cause a shift from APP695 to APP770 making neuronal cell more susceptible to amyloid deposition leading to the development of AD like pathologies. Similarly, the gene expression in the prophylactic group has also confirmed the protective effects of Nigella sativa L., however, an in depth understanding is required to elucidate the underlying mechanisms through which Nigella sativa L. exerts its effects at the transcription level.
Conclusion
The deleterious effects of Pb during development and early life were greatly reduced when supplemented with Nigella sativa L. seed extract, suggesting its strong antioxidant and neuroprotective potentials. However, further characterization of the compounds of Nigella sativa L. seed extract is required to determine the exact mechanism by which the phytochemicals exert antioxidant and neuroprotective effects.
